Materials and Structures (2024) 57:100
https://doi.org/10.1617/s11527-024-02369-z

RILEM TC 299-TES: THERMAL ENERGY STORAGE IN CEMENTITIOUS q

COMPOSITES

Check for
updates

Reviewing experimental studies on sensible thermal energy
storage in cementitious composites: report of the RILEM

TC 299-TES

Juan J. Gaitero® - Achutha Prabhu
Claudiane Ouellet-Plamondon
Sergio Sanchez-Delgado

- Daniel Hochstein
- Mathieu Bendouma - Didier Snoeck
- Manuel Torres-Carrasco

- Reza Mohammadi-Firouz
+ Irene Ramoén-Alvarez

- Jorge S. Dolado

Received: 9 August 2023 / Accepted: 20 April 2024 / Published online: 14 May 2024

© The Author(s) 2024

Abstract Thermal energy storage (TES) systems
have been a subject of growing interest due to their
potential to address the challenges of intermittent
renewable energy sources. In this context, cementi-
tious materials are emerging as a promising TES
media because of their relative low cost, good ther-
mal properties and ease of handling. This article pre-
sents a comprehensive review of studies exploring
the use of cementitious materials, particularly con-
crete, as sensible heat storage media at varying scales,
ranging from laboratory investigations to prototype
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evaluations. Starting from the different kinds of
energy storage systems and applications where con-
crete has been used as a storage media, this article
reviews the important properties which makes them
a suitable material for the purpose. Reported obser-
vations are discussed and summarised based on con-
crete mix composition/design, aggregate/addition
type, size gradation, etc., and performance of these
materials. Finally, different cement-based prototypes
are examined highlighting their strengths and weak-
nesses, and general conclusions are drawn.
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1 Introduction

Sensible heat storage is the most common, sim-
ple, low-cost and longstanding method for stor-
ing energy [1]. In sensible heat storage systems,
no phase change or chemical reaction occurs. The
only effect of storing or releasing energy is the
increase or decrease of the temperature of the stor-
age medium [2]; put aside minor effects like ther-
mal expansion. The storage medium is either avail-
able in solid (rocks, metals, concrete...) or liquid
form (oil, water, molten salts...) [3, 4]. Apart from
the cost, one of the main parameters for choosing
the most appropriate medium is the range of work-
ing temperatures, which can vary from ambient
temperature fluctuations in building walls to about
400-600 °C for high temperature storing systems
[5]. Such temperature range does not only affect the
amount of energy stored in the material but also its
durability. Rapid thermal cycling over large tem-
perature ranges can quickly degrade the materials
due to the internal strains resulting from thermal
expansion.

In this paper, we will describe the main systems
that use concrete as sensible energy storage medium,
the underlying theoretical background, the key tech-
niques for the characterization of material properties
and summarize the research outputs in the field.

Present Address:

J. J. Gaitero (D<)

Department of Physics, University of the Basque Country
UPV/EHU, Barrio Sarriena s/n, 48940 Leioa, Spain
e-mail: juanjose.gaitero @ehu.eus

J. J. Gaitero - A. Prabhu
TECNALIA, Basque Research and Technology Alliance
(BRTA), Astondo Bidea, Edificio 700, 48160 Derio, Spain

D. Hochstein

Department of Civil and Environmental Engineering,
Manbhattan College, 4513 Manhattan College Parkway,
Riverdale, NY 10471, USA

R. Mohammadi-Firouz

Department of Civil Engineering, ISISE, University
of Minho, Campus de Azurém, 4800-058 Guimaraes,
Portugal

C. Ouellet-Plamondon - M. Bendouma

Department of Construction Engineering, Ecole de
Technologie Supérieure, Université du Québec, 1100 Rue
Notre-Dame Ouest, Montréal, Québec, Canada

2 Thermal energy storage (TES) systems

Sensible heat storage has been used for centuries in
the building envelope to reduce the indoor tempera-
ture fluctuations derived from ambient temperature
variations and to delay the air temperature minimum
and maximum [6]. However, within the building
sector, sensible energy storage can be used in sev-
eral ways: to compensate for daily or even seasonal
demand or to supply urban heating networks [7, 8].
In general, in the case of daily storage, the process
is passive since the thermal energy of the system is
delivered to its environment. In contrast, seasonal
storage is generally active: the accumulated heat is
conducted to a storage system and is delivered when
needed. TES for building applications is generally
low temperature. Heat storage can also be used to
power industrial processes at medium/high tempera-
ture (100-200 °C) [9, 10] and at very high tempera-
ture (above 1000 °C) [10].

The valorisation of the stored sensible energy
can also be applied in many fields such as the paper,
textile and chemical industries [11, 12]. Waste heat
recovery is mainly used for energy savings with
absorption heat pumps [13]. When water is used as
storage media, the temperature is generally limited
to 100 °C due to ebullition. For higher tempera-
tures, other low cost and effective materials should
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be used [14]. Molten nitrate salts are often used in
solar thermal plants, but their durability above 600 °C
limit their application, which underlines the need to
develop alternatives [15].

Finally, the storage of sensitive energy can also be
used to produce electricity: heat can be converted into
mechanical energy and electricity [16]. In addition
to opening the way to an alternative to fossil fuels,
it increases the production potential of solar thermal
power plants [16].

3 Key properties for ‘“sensible TES”

A good material for a TES-type application implies
a low cost, a good thermal capacity (p - ¢;), stability
and durability under service temperatures [17]. The
cumulated thermal energy within a certain mass of
material Q can be expressed as:

Q=p-c,-V-AT (1)

where p is the density [kg m™], ¢, the specific heat
capacity [J kg_1 K™, V the volume [m’] and AT the
temperature difference [K]. Therefore, in this equa-
tion only p and ¢, are materials properties. In particu-
lar, the specific heat capacity is defined as the amount
of energy [J] absorbed per unit mass [kg] of the mate-
rial when its temperature increases one degree with-
out any change of phase or chemical composition
[18]. For the cementitious systems (concrete), ¢, var-
ies between 0.7 and 1.2 kJ kg™! K~! depending on the
temperature and the specific composition of the com-
posite. In Eq. (1), it is to be observed that the specific
heat has a mean value within the exercise temperature
range [17].

Similarly, the density indicates the mass concen-
tration of an object in relation to the space it occupies
and is commonly expressed in kg m™ or g cm™>. The
density of a solid also varies with the temperature and
pressure, and depends on many factors, such as the
porosity, chemical composition and crystalline struc-
ture. In the case of concretes for TES systems, the
density varies typically from 2000 to 2500 kg m~.

The higher the volumetric heat capacity p - ¢, the
lower the volume per thermal unit required. However,
another fundamental parameter for sensible heat TES
is the velocity at which thermal energy can be stored
and recovered. Such a characteristic is a function of

the thermal diffusivity which is defined as the ratio of
the transferred heat to the stored heat:

_ Transferred heat _ &

Stored heat  p- e @)

where k is the thermal conductivity [W m~' K='] [17]
and it is defined as the amount of energy transferred
by a material per unit of time, thickness and tem-
perature difference. Thermal conductivity is a tem-
perature-dependent property that varies widely with
composition and internal structure, with values as low
as 0.08 W m~! K~! for polystyrene foamed concrete
and 0.8-1.2 W m~! K~! for more regular unreinforced
concretes and mortar [19-21].

The thermal expansion coefficient, cyclic stability
linked to its service life, availability of the resources,
cost and production methods are other important fac-
tors to be taken into consideration [22, 23].

The mechanical properties should, furthermore,
show good stability, high fracture toughness and
compressive strength [24]. The solution needs to be
durable and sustainable [24]. There should not be any
decomposition and the material should be chemically
stable, non-toxic, non-explosive and compatible with
other construction materials.

Cementitious materials have good stability, ther-
mal capacity, diffusivity for thermal comfort regula-
tion, high mechanical properties, durability and are
chemically sound materials to use as thermal energy
storage. Due to the ease of manufacturing, the overall
base cost is limited, and any kind of shape is possible,
linked to the formwork used.

The following section provides an overview of cur-
rent methods employed in characterization of materi-
als for thermal energy storage applications.

4 Current experimental test procedures
and characterization techniques of TES
materials

4.1 Thermal properties
4.1.1 Thermal conductivity
The Eurocode 2 includes recommendation for the

thermal conductivity of concrete, k., at different
temperatures [25] because thermal conductivity is
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influenced by many factors: moisture content, type
and volume of the aggregates, water to cement ratio
of cement paste, etc. [18]. This sensitivity could be
extended in case of thermal conductivity determina-
tion of cement composites. Standardized methods
exist for measurement of thermal conductivity of
polymeric and insulation materials, however, there is
a lack of standard methodology in case of TES mate-
rials. Several methods are addressed in the literature
to determine the thermal conductivity of the mate-
rials, while each should be adopted with great care.
In order to measure the thermal conductivity of TES
materials, measurement condition, type of the mate-
rial, sample size and the energy storing technology
(sensible, latent, or thermochemical heat) should be
considered in selecting the proper method [26].

In principle, there are two kinds of thermal con-
ductivity determination methods: (1) steady-state
techniques, which are not a function of time and the
temperature at each point of the sample is constant;
(2) transient approaches, which are based on the
simultaneous determination of heat flux and heat
capacity [27].

The steady-state methods include Guarded Hot
Plate (GHP) method, heat flow meters (HFM), com-
parative method, direct heating (Kohlrausch) method,
and pipes and hot wire method. From the known
transient methods, transient hot wire/hot strip, tran-
sient plane source (TPS) method, laser flash analysis
technique, temperature modulated DSC (TM-DSC),
3w method, thermocouple method and photo thermal

Insulation
Auxiliary heater —— iz772z2z27272727272722772777777777777

(a)

methods could be named. In this section, the details
of the most popular methods for evaluating the ther-
mal conductivity of TES materials, in steady and
non-steady states, are briefly described.

4.1.1.1 Steady-state: guarded hot plate (GHP) The
GHP is a popular and reliable method for the determi-
nation of the thermal conductivity of glasses, ceram-
ics, polymers and thermal insulation materials. [28,
29]. GHP setup (shown in Fig. 1) consists of one or
two parallel cold plates (or cylinders), electrically
heated inner plate and thermal insulation to make sure
that the generated heat only passes through the sample
[27]. The thermal conductivity can be calculated when
the system reaches the steady-state, based on the Fou-
rier’s conduction equation [26]:

k., =(Q-d)/(2A - AT) 3)

where Q is the total input into the hot plate, d is the
averaged sample thickness, A is the measurement area
and AT is the mean temperature difference. Commer-
cial devices perform this test from — 160 to 700 °C for
materials with relatively low thermal conductivity of
upto2 W m~! K~!. The GHP method is described in,
e.g., ISO 8302, ASTM C177 or DIN EN 12667.

4.1.1.2 Steady-state: heat flow meter (HFM) The
HEFM is another accurate technique to test materials
with low thermal conductivity (up to 2 W m~' K~!) in
the temperature range — 20 to 100 °C [26]. The overall

SN

«— Specimen ——

(b)

Fig. 1 Principle of the guarded hot plate method: a two-specimen apparatus, b single-specimen apparatus
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setup configuration (see Fig. 2) is similar to the GHP
system; however, it uses transducers to measure the
heat flux density through the sample. Then, the heat
flux registered throughout the test is used for calcu-
lating of the thermal conductivity, according to the
Fourier’s law [26]. However, the number of available
research data using this method is scarce in the litera-
ture [30, 31].

The measurement of the thermal conductivity by
means of the HFM method is based on ASTM C518,
ASTM C1784, I1SO 8301, JIS A1412, DIN EN 12664
and DIN EN 12667 standards.

4.1.1.3 Transient: transient hot wire/hot strip
(THW) THW method is the most common thermal
conductivity measurement tool for electrically non-
conductive solids, liquids and gases. It is faster than
steady-state techniques and can be applied in a wider
range of temperature and thermal conductivity ratios.
The experimental setup consists of a thin electrically
resistive wire placed in the centre of the sample (see
Fig. 3). Thermocouples are also placed in the sample
at different distances from the central thin wire. When
a known electrical current is passed through the wire,
it heats up due to the Joule effect. By measuring the
temperature variations as a function of time at differ-
ent points, a temperature profile can be obtained. From
this temperature profile and using heat transfer theory,
it is possible to calculate the thermal conductivity of
the material [26].

Controller
Data logger

— Hot wire

— Sample

Thermocouples

«— Temperature bath

Fig. 3 Scheme of THW technique

The main drawbacks of THW method are the
complexity of the setup and the dependency of the
accuracy in factors like hot wire shape and location,
material uniformity, measurement duration and envi-
ronmental conditions [26]. Therefore, proper calibra-
tion and consideration of all the variables are key for
obtaining accurate results.

Water cooling

Peltier modules

Direction of heat flow
Setup for thickness
determination

Hot plate

= Heat flux transducer

Heat flux transducer
Cold plate

Peltier modules

Water cooling

Fig. 2 Schematic of a heat flow meter
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4.1.1.4 Transient: transient plane source (TPS) TPS
technique can be used for measuring solid (including
powder) and liquid samples with thermal conductivi-
ties from 0.001 to 1800 W m~' K~ in the temperature
ranges from—35 °C to 750-1000 °C (oxygen free)
[26]. The wide testing range makes it the most fre-
quent technique to determine the thermal conductivity
of TES material [32].

TPS method uses a circular double spiral of nickel
covered material as sensor and heat generator [33].
The sensor is placed between two identical specimens
of the material to be studied (see Fig. 4) [26] and a
constant electric current is passed through the spiral.
The heat generated by the current is partially trans-
ferred to the studied material. However, it also rises
the temperature and, thus, increases the resistance
of the spiral. At constant electric current, the volt-
age in the coil is proportional to electric resistance
of the coil. Therefore, with knowledge of the voltage
variation with time, it is possible to calculate the ther-
mal conductivity and volumetric heat capacity of the
material by means of the Fourier’s law [34].

As in the case of the Transient Hot Wire technique,
it is important to consider that the accuracy of the
measurement can be affected by factors such as the
geometry and thermal properties of the sensors, the
homogeneity of the sample and the environmental
conditions. Therefore, it is essential to perform proper
calibrations and consider these variables in order to
obtain accurate results using the Transient Plane
Source technique.

4.1.2 Heat capacity
Generally, there are two techniques to determine the
heat capacity of a solid: Differential Scanning Calo-

rimetry (DSC) and Drop Method (DM) [35]. In DSC,
a constant heat flow can be applied to counterbalance

Fig. 4 Scheme of transient
plane source technique

the heat content with the heating/cooling process and
the heat capacity can be obtained by integrating the
heat flow changes. However, in DM, the studied sam-
ple and the reference sample are placed in the sample
holder at room temperature to drop them directly into
a calorimeter held at a higher temperature. The calo-
rimeter measures the heat flow evolution while the
sample heats to the temperature of the calorimeter.
DM was reported to be increasingly important due to
its high precision calorimetric data at up to 2700 °C
owing to its special 3D heat sensor [35, 36]. However,
due to the availability and wide usage of DSC tech-
niques in TES field, it will be the focus in this section.

As stated above, the most used technique to deter-
mine the specific heat capacity is DSC. It is a thermo-
analytical technique in which the difference in the
amount of heat required to increase the temperature
of a sample and reference is measured as a function
of temperature. Basically, two methods of DSC are
commonly used: (1) the power-compensation DSC
and (2) the heat-flux DSC (see Fig. 5). The differ-
ence between them lies in design and measuring prin-
ciple. However, the characteristic feature of all DSC
measurement systems is the twin-type design and the
direct indifference connection of the two-measuring
system. In power-compensation DSC technique, the
temperatures of the sample and the reference are
made identical by varying the power input to the two
furnaces; the energy required to do this is a measure
of enthalpy or heat capacity changes in the sample
relative to the reference. In heat-flux DSC systems,
a low resistance heat flow path connects the sample
and the reference, while the assembly is enclosed in
a furnace. The enthalpy or heat capacity change in a
sample causes a difference in its temperature relative
to the reference [37].

For both methods (power-compensation and heat-
flux), the sample size is a key parameter that typically

TPS sensor
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(a) Reference

Sample

Heater

Furnace

Thermocouple

(b)

Reference

Sample

Heat resistor

Processing unit
Temperature control
——» Data logger

Individual
heaters

Temperature
Sensors

Fig. 5 Scheme of DSC techniques: a heat-flux method and b power-compensation method

falls within the range of a few milligrams to several
tens of milligrams. It is worth mentioning that this
parameter has a high impact on the sensitivity and
accuracy of the measurements. For small sample
sizes, the signal-to-noise ratio may be low. However,
if the sample size is excessively large, heat transfer
can be slower, resulting in longer equilibration times.

Prior to the heat-flux DSC test, it is important to
make the calibration for all reference materials for
melting point, enthalpy and heat capacity. Different
reference materials can be used based on the testing
equipment, but most of them are metals and among
them, indium is quite popular. As mentioned earlier,
a calorimeter can supply heat to the sample by elec-
trical or thermal resistance [38]. In heat flux DSC,
the heat is supplied to the sample through a thermal
resistance. Therefore, the heating mode or the tem-
perature program, is another important factor. Several
temperature programs are reported in literature, how-
ever, the most popular ones for measuring TES mate-
rials are the dynamic method, the iso-step method
and the areas method [39].

4.2 Microstructure and composition (chemical and
mineralogical)

Although thermal properties are the primary proper-
ties to be considered when using a material as a TES,
there are other complementary characterisations that
help to understand and predict the behaviour of mate-
rials. There are numerous techniques for cementitious
materials characterization [40]. Focusing on solar
thermal storage applications, it should be noted that

techniques such as X-ray diffraction [41-45], thermo-
gravimetric analysis (DTA-TGA) [27, 46—49], helium
pycnometry [50, 51], gas absorption and mercury
porosimetry [52-55], BSEM/EDX [56-60] and Con-
focal Raman Microscopy (CRM) [61, 62] can provide
very valuable information to explain the behaviour of
the systems. Nevertheless, no further information will
be provided in this document because they are stand-
ard techniques widely used in materials science.

4.3 Durability assessment

One of the main challenges for TES systems is the
durability of the storage materials under thermal
cycling and hence it is important to design reliable
tests to predict it. Here, three parameters come into
play: temperature range, heating and cooling rates
and number of cycles.

The main negative effects of the exposure of con-
crete to high temperatures are the differential thermal
expansion of its constituent phases and their decom-
position or transformation into other polymorphs.
These effects may lead to the generation of ther-
mal stresses within the material due to volumetric
changes, or the release and accumulation of gases
[89]. Such stresses increase the likelihood of cracking
and/or spalling, especially at high heating and cooling
rates and as the number of thermal cycles increases
[63-66].

For slow heating rates, residual compressive
strength of concrete after heating to high tempera-
tures can be divided into three main stages: (1) from
the room temperature to 300 °C, where compressive
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strength remains constant or even increases slightly;
(2) from 300 to 800 °C, where compressive strength
decreases drastically; and (3) 800 °C onwards, where
almost all the compressive strength is lost [67]. The
residual tests are generally done using electric fur-
nace for high temperature exposure and the heating
process is commonly started with a determined heat-
ing rate until reaching the target temperature, fol-
lowed by an isothermal part for a specific duration of
time and a cooling ramp. Emerson et al. [89] selected
the heating rate of 9 °C min~! and 300 °C and 500 °C
isothermal period of 2 h, based on their previous
research [90]. They exposed high performance con-
crete to high temperatures for 10 thermal cycles and
performed the residual compressive tests after each
cycle. Roig-Flores et al. [72] used a heating rate of
1 °C min~! for the low-speed cycle for the dehydra-
tion stage followed by an 8 °C min~! for the thermal
cycles to evaluate residual compressive strength of
concrete with calcium aluminate cement for energy
storage. Fernandez et al. [64] also reported a review
of mechanical characterization (compressive and
flexural strength) on five different concrete mixes as
sensible TES media, incorporating various materials
such as Portland cement, calcium aluminate cement,
fly ash, metallic and polypropylene (PP) fibres. They
compared the residual compressive tests of these mix-
tures after 25-30 thermal cycles of 500-600 °C. By
contrast, Zeng et al. [68] chose a much lower tem-
perature range of 5 45 °C and a much higher number
of cycles (100, 500, and 1000) to evaluate the effect
of thermal cycling fatigue on the mechanical prop-
erties and microstructure of cement pastes. Finally,
several existing test methods on moisture migration
and water pooling in concrete spalling are reported by
Kannangara et al. [65].

4.4 Determination of costs and environmental
impacts

The selection of TES materials, in addition to their
thermal, physicochemical and mechanical proper-
ties, is influenced by economic and environmental
factors. However, there is no standard methodology
for the determination of the costs and environmen-
tal footprint of each solution. For example, Batuecas
et al. [69] showed that indicators, like Global Warm-
ing Potential (GWP) or Available Water Remaining
(AWARE), can be calculated using as a functional

unit the dosage per m® of mortar or concrete, although
other authors [70] suggest that for this application it
would be preferable to do it per unit of stored energy
in order to indicate the performance of a solar thermal
installation. In the same line, Khare et al. [24] used
a selection software package, EcoAudit (a CES tool
from Granata Design), to identify suitable SHS mate-
rials for high temperature (above 500 °C) TES sys-
tems, taking into account the cost and environmental
credentials of the materials [24]. Alternatively, Laing
et al. [71] observed by life cycle analysis (LCA) that
the replacement of the two-tank molten salt storage
system of a real solar thermal power plant by a hypo-
thetical concrete storage system had advantages con-
cerning environmental and economic impacts [71].
Miro et al. [72] studied the environmental impact of
high temperature TES systems based on molten salts
and concrete by calculating their embodied energy
using the cumulative energy demand (CED) method
in combination with the data from Ecolnvent materi-
als database [73].

Authors like Emerson et al. [75] only considered
technical and economic aspects, reporting that con-
crete bricks can potentially replace aggregates as a
TES medium for thermocline solar energy storage
systems. Similarly, Selvam et al. [73] included pro-
duction costs as one of the parameters to consider
for the development of concrete mixtures for TES in
solar power generation. Finally, Fernandez et al. [23]
used the methodology for materials selection devel-
oped by Prof. Ashby [74, 75] to give an overview of
materials suitable to be used for SHS at temperatures
between 150 °C and 200 °C. Two different scenar-
ios were considered: long term and short term SHS.
Although the proposed methodology allows combin-
ing multiple objectives and restrictions of use, this
case study focused on minimizing the costs.

5 Available data/results

The performance of a concrete mixture with respect
to its ability as a SHS material depends on many
factors, including, the type of cement binder, types
and properties of the aggregate, water-cementitious
material ratio, porosity including entrained air, the
addition of fibre reinforcement and the inclusion of
other materials. The properties that have been used
to assess concrete’s effectiveness as a SHS material
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include residual compressive strength, thermal con-
ductivity, specific heat, coefficient of thermal expan-
sion, shrinkage and unit cost.

5.1 Effect of cement type

The two types of cement most commonly studied are
Portland cement (PC) and calcium aluminate cement
(CAC). CAC, which was initially developed for use
as a sulphate resistant cement, is commonly used for
refractory concrete and is able to withstand high tem-
peratures (up to 600 °C) that SHS concrete is exposed
to, in energy storage devices.

The hydration of PC produces mainly calcium
silicate hydrate gel (C—-S-H) and calcium hydrox-
ide (CH), although hydrated aluminate, ferrite and
sulphate phases are often present in smaller propor-
tions [42]. Different authors have described the reac-
tions that occur with an increase of temperature in
PC matrix [44, 60, 76]. It is generally accepted that
evaporable water (free and physically bound water)
is not present at temperatures over about 105 °C,
although some authors increase such upper limit to
120 °C. Decomposition of the C—S—H gel, carboalu-
minate hydrates, ettringite and CH takes place pro-
gressively between 100 °C and 600 °C. In all cases,
the release of gaseous water can lead to a build-up
of pressure that can severely damage the material.
Water vapor trapped in the matrix can also react with
unhydrated cement grains by the so-called internal
autoclaving [45]. The dehydration of C—S—H and CH
leads to the formation of CaO (calcium oxide), which
may rehydrate upon cooling resulting in swelling.
Nevertheless, if the PC is blended with certain sup-
plementary cementitious materials or pozzolans, this
risk decreases due to the larger amount of C—S—-H
produced relative to CH [5].

The hydration of CAC mainly produces the
calcium aluminate hydrates CAH,, and C,AHs.
CAH,, is mainly produced when the temperature
is below 20 °C, C,AHg and aluminium hydroxide
(AH;) are produced when the hydration tempera-
ture is around 30 °C and C;AHg and AH; are the
hydration products when the temperature is above
55 °C [77]. Additionally, over time CAH;, and
C,AHg are only metastable and convert to C;AH¢
and AH; [78]. Since the hydrate C;AH, is denser
than CAH,,, the overall cement paste is less dense
and contains more pores. To prevent this evolution,

supplementary cementitious materials high in silica
are added which retard this transformation by form-
ing more stable calcium aluminates containing sil-
ica (siliceous hydrogarnet phases or stritlingite).

Ukrainczyk and Matusinovi¢ [77] demonstrated
that the thermal properties of CAC pastes vary with
hydration temperature. It was observed that the ther-
mal diffusivity decreases with hydration when CAC
is cured at 15 °C, while it increases with hydration
when the temperature is increased to 30 °C. Both
the thermal diffusivity and thermal conductivity
increased with a decrease in the water-cement ratio
(11% and 8% increase, respectively between water-
cement ratios of 0.4 and 0.3). Also, the thermal dif-
fusivity decreased slightly as the temperature was
raised (between 10 and 80 °C) while the thermal
conductivity increased within the same temperature
range.

Dos Santos [79] measured the thermal proper-
ties of CAC concretes with the same water-cement
ratio, but containing different aggregate grain size
distribution. Dos Santos first measured the thermal
conductivity, thermal diffusivity and specific heat as
a function of temperature from room temperature to
1000 °C at 100 °C intervals. Then, specimens were
heated to 1000 °C, held there for 6 h and the meas-
urements were repeated following the same proce-
dure. During the initial heating, all three properties
went through the same evolution of initially increas-
ing (region 1—Iloss of absorbed water), then decreas-
ing (region 2—Iloss of water from hydrated phases)
and once again increasing (region 3—densification/
sintering) as the temperature was raised. This con-
trasts with the tendency observed by Pan et al. [80] on
the specific heat of a PC concrete containing fly ash
and granite aggregate between 100 °C and 600 °C.
The results plotted in Fig. 6 show that specific heat
increased very fast up to 300 °C and followed a slow
linear increase from 300 °C to 600 °C. Neverthe-
less, during the second heating, the thermal conduc-
tivity and specific heat of CAC concretes [79] also
increased as the temperature increased, with a signifi-
cant change in the specific heat. On the contrary, the
thermal diffusivity decreased until a temperature of
approximately 700 °C and then slightly increased.

John et al. [5] reported that the type and amount of
cementitious materials of PC and CAC concretes with
silica fume and fly ash had little impact on thermal

conductivity or specific heat.
nilem



100 Page 10 of 22

Materials and Structures (2024) 57:100

1200

1150 F e ]
o -®
—
<1100 F o-- ]
) e
oo 1050 b . i
X
—
= 1000 - ]
3 a
& 90l (a) i
= .
=900 ° ® Experiment |
Q . .
@ - - - -Linear fit
= 850 i
«» ° ¢ (1) = 0.3403-T+957.55  T<[300, 600]
800 L— s s w ‘ ‘
100 200 300 400 500 600

Temperature (°C)

Specific Heat (J/(kg.K))

1400

m
¢A1 MA2 AA3 =-A4 @AS5 ;
&
1300 ) //-/ )
o
1200 . ,’//
“u = )
P T
1100 . M }// A~
)
Tl
1000 P
e
= (b)
900 .
800
700
600
0 200 400 600 800 1000 1200

Temperature (°C)

Fig. 6 a Specific heat at elevated temperatures and linear fit to the data in the range 300-600 °C for PC concrete. Data adapted from
[80]. b Specific heat as a function of temperature for different CAC concrete mixes during the first heating. Image taken from [79]

John et al. [63] demonstrated the superior proper-
ties of CAC concrete with respect to PC concrete. All
the mixes contained only fine aggregate and both steel
and PP fibres. The PC mixes also contained either fly
ash or a mixture of fly ash and silica fume. The con-
crete specimens were initially heated to 500 °C and
held there for 2 h until they were returned to room
temperature. The thermal fatigue cycles involved
raising the temperature to 300 °C where it was held
for 2 h, raising it further to 500 °C where it was held
for another 2 h and then returning the temperature to
ambient conditions. All specimens were exposed to
10 thermal fatigue cycles. The compressive strength
was measured before the thermal cycling began and
at the end of each cycle. It was observed that all of the
reduction in compressive strength occurred within the
first 3 cycles. PC concretes retained at least 50% of
their initial compressive strength while in CAC con-
cretes this value increased to over 75%. Unfortunately,
the estimated cost of CAC concretes ($600 m™) was
much higher than PC concretes ($120-140 m™).

Alonso et al. [78] observed a 50% decrease in
the compressive strength of CAC mortar specimens
exposed to a temperature of 550 °C for 8 h due to the
dehydration of the cement paste. To prevent spalling,
they pre-dried the samples at a temperature of 105 °C
for 3 h and used a heating/cooling rate of 1 °C min~".

Although PC and CAC are the most studied
cementitious materials, alkali activated cements
(AAC) also present suitable properties for TES sys-
tems [81]. AACs are based on aluminosilicate pre-
cursors (such as kaolinite, fly ash and blast-furnace

slag), activated by alkaline solutions. The most
important factor to consider is the content of silicon
and aluminium, but the alkaline activator and cur-
ing conditions have also an important impact on the
final properties [82—-84]. For example, in absence of
Ca, the main phase of sodium AAC matrix is sodium-
aluminosilicate-gel (N-A—-S—H), which is stable up
to 700-800 °C [85-87]. On the contrary, when this
is not the case, Ca displaces Na in the surface of
N-A-S-H by ion exchange to form C-(N)-A-S-H
gel, whose dehydration and/or dehydroxylation starts
at 100 °C. Nevertheless, the crystallization of phases
like anorthite or gehlenite above 600 °C, give the
material good mechanical and thermal properties [70,
81, 85, 88].

Finally, hybrid cements (HCs) containing 20-30
wt% of PC and 70-80 wt% of aluminosilicate pre-
cursors have also been studied [70, 81, 89, 90]. HCs
usually contain soft alkaline salts in solid form to
improve the mechanical properties at an early age
[90]. Compressive strength of HC mortar samples
after exposure to 500 °C was similar to that of the PC
reference. On the contrary, thermal conductivities and
specific heat of HC and AAC composites were higher
compared to PC composites, allowing them to store
more energy in a smaller volume and faster charge
and discharge of the system (Table 1) [70].

5.2 Effect of water-cement ratio

The thermal conductivity of dry cement paste was
measured by Hochstein and Meyer [91] at room
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Table 1 Specific heat and mass of material required to store
1 MJ of energy in a Portland cement mortar (PC 100 S), two
alkali activated mortars (SLAG 100 S and SLAG 75 S 2-5
GW) and a hybrid cement mortar (HSLAG 5% 100 S) [70]

System C,J kg™ °C) m (kg)
PC 100 S 1710 5.85
SLAG 100 S 1602 6.24
SLAG 75 S-25 GW 1867 5.36
HSLAG 5% 100 S 1861 5.37
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Fig. 7 Thermal conductivity of cement paste [91]

temperature for water-cement ratios between 0.4 and
0.8. The thermal conductivity decreased as the water-
cement ratio was increased, with a value of 0.63 W
m~! K~! at 0.4 and a value of 0.33 W m™' K~! at 0.8
(Fig. 7). This decrease is caused by the increase in
porosity as the water-cement ratio is increased. The
thermal conductivity of concrete will be generally
higher than that of cement paste since typical aggre-
gate has a larger thermal conductivity than the cement
paste. Zhang et al. [92] measured the thermal con-
ductivity of concrete with both limestone and granite
coarse aggregates. They recorded a drop from a ther-
mal conductivity of approximately 2 W m~! K~! at a
water—cement ratio of 0.3 to a value of approximately
1.4 W m~! K~! at a water—cement ratio of 0.6.

5.3 Effect of aggregate

The type and size of the aggregates used not only
affects the thermal properties of SHS concrete, but
perhaps more importantly, affects the durability of
the concrete with respect to thermal cycling. The dis-
similar values of the thermal expansion coefficients

between the aggregate and cement paste can lead to
thermal cracking as the concrete experiences its first
thermal cycle and also later ones. Aggregates with
high thermal expansion coefficients should be used in
limited quantities.

Alonso et al. [78] studied the effect of thermal
cycles on CAC mortar and concrete. The maxi-
mum aggregate sizes for the mortar and concrete
mixes were 4 mm and 12 mm, respectively and were
exposed to 8 and 75 thermal cycles respectively,
between 290 °C and 550 °C. Both specimens expe-
rienced approximately 50% drop in compressive
strength after the first cycle due to the dehydration of
the matrix. However, while the strength of concrete
specimens continued to decrease during subsequent
thermal cycles, it appeared to stabilize in the mor-
tars. The thermal fatigue, observed only in concrete
specimens, is due to thermal mismatch between the
matrix and the aggregates. Additionally, an increase
in the number of thermal cycles was correlated with
a decrease in the ultrasonic pulse velocity and an
increase in pore sizes in the 10 pm range.

John et al. [5] observed a large reduction in the
compressive strength for PC and CAC concretes com-
pared to mortars, after 30 thermal cycles between 300
and 600 °C. However, the use of coarse aggregates
also resulted in larger values of thermal conductivity
and specific heat. This was attributed to the fact that
the aggregate had both a higher thermal conductivity
and specific heat than cement paste and specimens
with coarse aggregate contained a larger proportion
of aggregate by weight of binder. Besides, concretes
had a larger unit weight than mortars which also
increased thermal conductivity [93]. Dos Santos [79]
also reported the significant effect of aggregate grada-
tion on thermal conductivity than on specific heat for
CAC concretes.

Roig-Flores et al. [56, 64] studied the effect of
thermal cycling on CAC concretes with four types of
aggregates: crushed basalt, synthetic clinker (CAT)
from calcium aluminate cement, waste slag with a
high iron salt content and siliceous aggregate. After
one thermal cycle to 550 °C, the mix with the sili-
ceous aggregate performed the worst, with a decrease
in compressive strength of 74%. This is due to the
high thermal expansion coefficient of silicious aggre-
gates (10.3x 107 °C!) that is almost double that of
basalt (6.4x107% °C1). Additionally, the quartz in
siliceous aggregate undergoes a transformation from
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a-quartz to P-quartz between 500 °C and 650 °C,
which results in a reversible expansion of 1.0-1.4%.
During thermal fatigue tests conducted between 290
and 550 °C, cracks formed on the interface between
the aggregate and cement paste due to the shrinkage
of the paste and thermal expansion of the aggregate.
Thermal conductivity was also reduced along thermal
cycles. The highest reduction (30-35%) took place
during the pre-conditioning of the samples at 105 °C
due to the loss of evaporable water. Dehydration of
the matrix during the first cycle results in an addi-
tional 18-30% reduction, while subsequent cycles
only produce a cumulative drop of 7-12%. Compari-
son as a function of the type of aggregate, Table 2,
shows that the concrete with silicious aggregates has
a much higher thermal conductivity for temperatures

up to 300 °C and becomes similar to concrete with
basalt aggregate at higher temperatures.

Kodur and Sultan [94] proposed a set of equa-
tions that predicts the thermal conductivity of high-
strength concrete as a function of temperature from 0
to 1000 °C as shown in Fig. 8.

For siliceous aggregate:

k(T)=2.00-0.0011T T € [0,1000] 4)
For carbonate aggregate:

k(T)=2.00-0.0013T T € [0,300] 5)

k(T)=2.21-0.0020T T € [300,1000] 6)

Girardi et al. [57] studied the effect of replacing
natural aggregate (porphyry gravel and limestone

Table 2 Thermal Temperature ~ Aggregate

conductivity (W m~ ' K ©C)
of concrete with various Siliceous sand Basalt Ternary blend (basalt, Calcareous CAT
aggregate [64] CAT, slag)
100 1.96 1.32 1.23 1.11 1.18
200 2.08 1.34 1.15 1.23 1.35
300 223 1.36 1.12 1.23 1.03
400 1.34 1.28 1.04 1.09 0.92
500 1.20 0.97 0.96 1.04 1.03
600 1.30 1.45 0.99 0.86 1.06
Fig. 8 Thermal conductiv- 2.0 . T T " T " T
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sand) in PC concrete with crushed recycled aggre-
gate (CRA) made from concrete blocks. On thermal
conditioning (at 150, 300 and 450 °C), the mixes with
CRA experienced a larger mass loss at 4 h (about
6.0-6.5%) compared to mixes without CRA (approxi-
mately 5%). This was attributed to the moisture from
cement paste residues contained in the CRA. The
increased porosity of the CRA allowed the vapor to
escape without an increase of pressure and hence
no spalling was observed. Also, the specimens with
CRA showed an increase in thermal conductivity and
a minimal decrease of thermal conductivity on ther-
mal conditioning at 300 °C compared to specimens
with natural aggregates (Table 3).

5.4 Effect of polymeric fibres

Several authors [56] have added short PP fibres to the
mix to decrease the tendency of concrete to spall at
high temperatures. The voids leftover from the vapor-
ization of the PP fibres at 350 °C help relieve stress
as steam created at high temperatures can escape
through these channels.

John et al. [75] demonstrated that PP fibres can
prevent explosive spalling for high-strength PC con-
crete. High-strength concrete specimens with a water-
cementitious material ratio between 0.15 and 0.30
were exposed to high temperatures using different
heating rates including: 3, 5, 7 and 9 °C min~'. For
all the heating rates, the specimens that without PP
fibres underwent explosive spalling at temperatures
between 394 °C and 500 °C, while the specimens
with 2 kg m™ of PP fibres were able to withstand a
temperature of 600 °C. However, fibre-free specimens
were found to perform better at higher heating rates
due to the generation of a greater number of microc-
racks, which allowed the escape of water vapour.

Girardi et al. [57] had conflicting results concern-
ing the effect of PP fibres on the thermal conductivity
(see Table 3). The thermal conductivity and the coef-
ficient of specific permeability was measured at 25 °C
both before and after thermal conditioning at 300 °C
for 4 h. For mixes that contained natural aggregate,
the PP fibres caused an increase in the thermal con-
ductivity. However, when the natural aggregate was
replaced by CRA from concrete blocks, the addition
of PP fibres caused a decrease in the thermal con-
ductivity. These results show that the melting of PP
fibres after they are exposed to elevated temperatures
increases the permeability of the concrete and allows
high-pressure vapor to escape and prevents spalling.

Ozger et al. [95] added polyamide fibres recycled
from post-consumer carpets to concrete. During the
first DSC scan, both fibre reinforced concrete (FRC)
and reference (fibre-free) developed a peak at 100 °C
as a result of the evaporation of absorbed moisture,
which were not present during the second scan. Addi-
tionally, it was observed that at higher temperatures,
the specific heat for the FRC decreased between the
first and second scan due to the evaporation of the
polyamide fibres. Overall, during the second scan,
the specific heat of the FRC slightly decreased as the
temperature increased. During the second scan the
specific heat of FRC and conventional concrete were
0.63J g K™ and 0.81 J kg! K7!, respectively, at
300 °C. For FRC and conventional concrete, the
thermal conductivity at room temperature was found
to be 1.30 W m~' K~' and 1.12 W m~' K~! respec-
tively and at 300 °C, 1.16 W m~' K~! and 1.02 W
m~! K~!. At temperatures below 300 °C, the FRC
displayed less thermal expansion than the control mix
since the vapour could evaporate through the hollow
fibre channels and showed good thermal stability up
to 450 °C with no spalling.

Table 3 Thermal
conductivity and coefficient
of specific permeability

Mix Thermal conductivity (W m K™

Coefficient of specific permeabil-
ity (10719 m?)

with CRA and PP fibres Before thermal After thermal Before thermal After thermal
[571 conditioning conditioning conditioning conditioning
Natural aggregate 0.74 0.53 2.0 139
Natural aggregate and  0.89 0.81 40.0 872
PP fibres
CRA 1.03 1.01 20.6 325
CRA and PP fibres 0.92 0.91 7.5 773

niem
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5.5 Effect of nanoparticles

Jiang et al. [96] studied the effect of replacing 1%
of cement by weight of cement by nanoparticles of
silica (NS), magnesia (NM) and zirconia (NZ) on
the thermal properties of CAC pastes. The speci-
mens were conditioned by drying at 105 °C or fired at
either 350 °C or 900 °C. For all pastes, the compres-
sive strength, thermal conductivity and heat capac-
ity decreased as the conditioning temperature was
increased due to dehydration and increase in poros-
ity. Nanoparticles tend to accelerate the hydration
process by providing nucleation sites and promote
a denser structure. The tested nanoparticles dem-
onstrated notable improvement in the compressive
strength relative to pure CAC paste at different con-
ditioning temperatures. NZ had the largest increase
at 105 °C, NS at 350 °C and NM at 900 °C. All of
the nanoparticles increased the compressive strength
when the conditioning temperature was either 105 °C
or 350 °C, while NM showed a significant increase
at 900 °C (NS and NZ showed minor decreases in
strength). Specimens showed an increase in the ther-
mal conductivity at conditioning temperatures of
350 °C and 900 °C, with NS and NM having simi-
lar values at 350 °C and NS having a higher value at
900 °C. NM had the most pronounced effect on the
heat capacity with it causing an increase in specific
heat for all conditioning temperatures. At tempera-
tures above 400 °C the nanoparticles caused a signifi-
cant increase in the coefficient of thermal expansion
with approximate values of 6.5 x 1076 °C~! relative to
CAC paste (4.5x107% °C~1). Out of the 3 nanoparti-
cles investigated, NZ resulted in the lowest value of
the coefficient of thermal expansion for temperatures
between 100 and 900 °C.

5.6 Effect of graphite powder

Guo et al. [97] studied the thermal properties of CAC
concretes containing various amounts of graphite
powder. The mixes included basalt and bauxite aggre-
gate as well as steel fibres with silica and aluminium
micro powder. After oven drying at 100 °C for 3 days
to remove moisture, the control mix without graphite
had a thermal conductivity measured at room temper-
ature of approximately 1.2 W m~! K~!. With the addi-
tion of 5% graphite powder, the thermal conductivity
almost doubled to 2.34 W m~! K~! and it increased

with increasing conditioning temperature up to a
value of 2.9 W m~! K~! at 900 °C. On the contrary,
the addition of graphite decreased density and com-
pressive strength approximately from 2.86 g cm™ to
2.68 g cm™ and from 54 to 27.2 MPa, respectively.
Conditioning at elevated temperatures caused the
compressive strength to increase for all temperatures
except for 700 °C where the compressive strength
decreased to approximately 25 MPa. The shrinkage
rate for conditioning temperatures below 700 °C was
below 0.2%, while it increased to 1% for temperatures
between 900 and 1100 °C.

5.7 Effect of metallic additions

Girardi et al. [57] studied the effect of various types
of steel fibres, metallic powders and recycled metal-
lic shavings on the thermal properties of PC concrete.
The metallic powder was composed of tool steel
and had a mean size of 12 ym. The recycled metal-
lic shavings were from rail steel and were 10 mm to
20 mm in length. The thermal conductivity was meas-
ured at 25 °C both before and after thermal condition-
ing at 300 °C for 4 h. The results in Table 4 show
that the metallic additions almost double the ther-
mal conductivity compared to the control mix, with
the shavings giving the best results. All mixes expe-
rienced a decrease in the thermal conductivity after
thermal conditioning that is attributed to the loss of
water and microcracking. The specific heat was meas-
ured using two thermal scans up to 350 °C. During
the first scan, all of the mixes showed the expected
peak around 100 °C. For the second scan, the mixes
with the metallic additions had lower specific heat
values than the control mix up until a temperature of

Table 4 Thermal conductivity with metallic additions [57]

Additions Thermal conductivity Thermal conduc-
(Wm™' K™ tivity (W m™! K™1)
Before thermal condi- After thermal
tioning conditioning

None 1.02 0.99

Steel fibres 2.01 1.73

Nylon fibre and 2.21 2.01

metallic powder
Nylon fibres and ~ 2.74 2.13

recycled metal-
lic shavings
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approximately 200 °C, where the values were rela-
tively the same. It was also demonstrated that the
different metallic additions do not have any appreci-
able effect on the coefficient of thermal expansion of
concrete.

5.8 Prototypes and available products

Most solid block storage systems are based on con-
crete and research on these materials aims at increas-
ing the temperatures to which they can be subjected.
It is possible to prevent crack formation with the
addition of fibres [57, 75, 95, 98], the use of geopoly-
mers [99], or the use of calcium aluminate cement,
allowing to obtain concretes that can withstand up to
650 °C without cracking [100].

Other similar prototypes, at different scales,
are studied in the literature. For example, Skinner
et al. [101] present a prototype thermal storage sys-
tem based on ultra-high-performance concrete with
molten salts as heat transfer fluid. The objective of the
study was to ensure the durability of the concrete, in
particular, that no cracks appeared due to temperature
cycles. The materials were tested at temperatures of
400 to 500 °C and the addition of polytetrafluoroeth-
ylene (i.e., Teflon) or high temperature fibrous paste
and aluminium at the interface between the concrete

Fig. 9 Photograph of fully
commissioned EnergyNest
thermal energy storage with
4 %250 kWhy, capacity at
Masdar Institute Solar Plat-
form, United Arab Emirates
[103]

and the heat exchanger was found to reduce the num-
ber and size of cracks.

Different methods, such as modular blocks, can
be designed with this type of material. For example,
Laing et al. [102] present heat storage blocks that can
be combined to adjust the storage capacity, in order to
store solar energy. The performance of the prototype
has been validated experimentally, considering tem-
peratures between 200 and 400 °C, with a capacity of
1100 MWh.

Another promising way is a modular design
using individual thermal elements consisting of
encased cylinders filled with concrete like heat stor-
age medium named HEATCRETE® with integrated
tubular heat exchangers [103]. These elements can be
arranged in series and parallel in the module frame
and multiple modules can be hydraulically connected
to form thermal batteries. Temperatures up to 380 °C
were reached for a prototype having a capacity of
2x500 kWh (Fig. 9).

A prototype concrete column was also experimen-
tally tested at lower temperatures (about 160 °C) for
use in building heating [104]. The concrete column
was moulded around a metal pipe and hot air was
used to load the column to demonstrate the feasibility
and validate a numerical model. This model was then
used to simulate temperatures above 300 °C. Labo-
ratory scale prototypes using cast steel and concrete
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as storage material were studied by Rao et al. [105]
Although the experimental setup and the prototypes
were designed to operate at up to 400 °C, the maxi-
mum temperature was limited to 250 °C for charging
experiments and 180 °C for thermal cycling due to
safety issues. As expected, charging and discharging
times were much shorter in the prototype made of
cast iron due to the higher thermal conductivity of the
material.

Concrete is also widely used for packed bed storage
systems and the same issues are addressed (mechani-
cal performance losses). Thermocline system per-
forms better with the use of a fixed bed, compared
to a simple structural concrete, in particular with the
increase of the storage system dimension [106, 107].
The work of Wu et al. shows that the use of concrete
particles in packed beds improves the thermocline
effect by reducing the thickness of the thermal gra-
dient [107]. The work of John et al. [5] presents dif-
ferent samples, immersed in a molten salt bath and
subjected to high temperatures (300-600 °C) and
shows a reduction in the mechanical performance.
The authors recommend bricks and concrete slabs
based on Portland cement and fly ash in thermocline
energy storage systems because they are inexpensive
and have good thermal properties. Moreover, the
thermal conditioning of concrete and the addition of
cementitious materials improve its refractoriness. In
the case of Kunwar et al.’s work [108], they use cylin-
drical drilled concrete blocks (Fig. 10). They point
out that increasing the number of holes and their
diameter improves the charging time. The tested tem-
peratures are around 300 °C, for a storage capacity of

about 5 MJ. A summary of the different materials and
means employed are presented in Table 5.

6 Concluding remarks

This paper deals with sensitive heat storage using
concrete as sensible energy storage medium.
Although the energy storage capacity of concrete has
certain impact in low temperature applications like
housing, most research works are focused in the much
higher temperature range relevant for the energy sec-
tor. Therefore, characterisation and evaluation meth-
ods for determining material performance in such
temperature range have been presented and the fol-
lowing conclusions can be drawn.

For thermal properties, thermal conductivity and
heat capacity are important to consider. Thermal con-
ductivity and the parameters that influence it have
been examined. Due to the many variables, the deter-
mination of thermal conductivity must be carried out
with care and each test, whether a steady state tech-
nique (such as the guarded hot plate and/or heat flow
meter method) or a transient approach (the hot wire/
hot strip and/or transient plane source method), must
be adopted with great care. Results are specific to the
test and comparisons with other configurations and
materials should be made with caution. Two main
techniques are used to determine heat capacity: dif-
ferential scanning calorimetry and the drop method.
The former is the most widely used. The coeffi-
cient of thermal expansion and shrinkage are related
parameters.

Fig. 10 Concrete blocks, with different numbers and sizes of holes, used in packed bed solutions for TES [108]
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Table 5 Materials and means employed for different energy sources

Energy source Temperatures/power or capacity*

Pro/cons

Materials and means

5-1500 °C
40-19000 MWh (annual)

Solar

230-650 °C
90,000 MWh (annual)

Waste heat recovery

Pros:

e High potential

o High temperature

Cons:

o Feasibility at high temperature
e High costs

o Intermittent

Pros:

o Local usage possible (heating)

Cons:

e Supplementary infrastructure required

Materials:

e HTF and solid blocks
(concrete, rock,
sands)

e Molten salts

Means:

e Parabolic trough col-
lectors

o Solar power towers

e Linear Fresnel reflec-
tors

e Parabolic dish col-
lectors

e Adsorption chiller

Materials:

e HTF

e Molten salts

Means:

after construction of the industry o Adsorption chiller

*From [7, 102, 103, 109]

High temperatures and temperature cycles can
cause the concrete to deteriorate and the thermal con-
ductivity to decrease. The durability of the concrete
storage medium is therefore an important parameter
to consider. As part of the durability tests, it is neces-
sary to determine the material’s susceptibility to lim-
ited thermal deformation and the risk of cracking, the
coefficient of thermal expansion, etc. Thermal fatigue
is tested by imposing variable temperature cycles and
can be linked to spalling.

The environmental footprint, as with all construc-
tion materials and techniques, can be determined
using a variety of software tools. This Life Cycle
Assessment (LCA) approach is essential for deter-
mining the ecological impact of the material or prod-
uct under consideration. Sustainability is and will
be a major parameter to be discussed, alongside the
overall cost of the product and/or material.

Some influencing parameters and results are then
presented. The type of cement and the hydrates
formed determine the densification of the cement
matrix. Thermal properties are linked to temperature
during hydration and significant differences up to no
effect are reported in the literature. The alternatives
to Portland cement (PC) systems, calcium aluminate
cement (CAC) composites, alkali activated cement
(AAC) composites and hybrid cement (HC) compos-
ites containing Portland cement and aluminosilicate

precursors, have demonstrated their potential to func-
tion as TES systems because they have higher ther-
mal conductivities than Portland cement systems.

The effects of water-cement ratio, (recycled)
aggregates, (short) polymer fibres, nanoparticles and
other additions were also examined. The results show
that conductivity increases as the water-cement ratio
decreases. In addition, any difference in the values of
the coefficient of thermal expansion between (recy-
cled) aggregates and cement paste must be taken into
account. Adding short polypropylene (PP) fibres to
the mix reduces the tendency of concrete to spall at
high temperatures. Nanoparticles such as nano-silica
(NS), nano-magnesia (NM) and nano-zirconia (NZ)
appear to improve thermal properties. Thermal con-
ductivity can be increased by adding graphite powder
and metallic additions such as fibres, metallic powder
and recycled metallic shavings.

In the final section of this paper, the prototypes
and products available, with their positive and nega-
tive aspects, are examined. There is a plethora of TES
applications. In addition to civil engineering appli-
cations, stored sensible heat can also be used in the
chemical, materials manufacturing, paper and textile
industries, among others. It is a promising technology
with a high potential to be used in conjunction with
renewable energies as an alternative to fossil fuel-

based energy solutions.
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